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Articles

Linking Landscapes and Food
Webs: Effects of Omnivorous
Fisii and Watersheds on
Reservoir Ecosystems
MICHAEL J. VANNI. KRISTIN K. AREND, MARY T. BREMIGAN. DAVID B. BUNNELL. JAMES E. GARVEY,
MARIA J, GONZALEZ. WILLIAM H. RENWICK. PATRICIA A. SORANNO, AND ROY A. STEIN

Eeotogists increasingly recognize the need to understand how landscapes ami food webs interact. Reservoir ecosystems are heavily subsidized by
nutrients and detritus from surrounding watersheds, and ofren contain abundant populations of gizzard shad, an omnivorous ftsh that consumes
plankton and detritus. Gizzard shad link terrestrial landscapes ami pelagic reservoir food webs by consuming detritus, translocating nutrients from
sedimctn detritus to the water column, and consuming zooplaukton. The abundance of gizzard shad increases with watershed agricuhuralization,
most likely through n variety oj mechanisms npeniting on ttuvat and adult life stages. Gizzard shad have myriad effects on reservoirs, including
impacts on nutrients, phytoplankton, zooplankton, and fish, and many of their effects vary with ecosystem productivity (i.e., watershed land use).
Interactive feedbacks among watersheds, gizzard shad populations, and reservoir food webs operate to maintain dominance of gizzard shad in
highly productive systems. Thus, effective stewardship of reservoir ecosystems must incorporate both watershed and food-web perspectives.
Keywords: watershed, reservoir, food web. detritus, landscape ecology

E

cologists increasingly recognize the need to

imdtTsland how tood webs diid landscapes are linked
(Polls et al. 2004}. Fluxes of organisms, detritus, nutrients, and
other materials across landscapes can strongly affect recipient food webs. For example, many studies show that subsidies
of plant-available nutrients stimulate primary production
and cause changes in species composition of plants as well as
organisms at higher trophic levels (Carpenter et al. 1998).
Inputs of detritus or organisms to a food web are less studied but may have complex effects that depend on the trophic
position at which these subsidies enter a food web. For example, inputs of detritus can increase the abundance of
detritivores in recipient food webs, which can thus increase
their effects on other species through various direct and
indirect pathways (Moore et al. 2004, Polis et al. 2004).
Although most ecosystems are subsidized, the consequences
of subsidies remain unknown for most subsidies and for
most food webs.
Freshwater ecosystems are highly subsidized because their
downhill position relative to their terrestrial watersheds facilitates movement of materials toward them. Inputs of dissolved nutrients and detritus to aquatic ecosystems can
regulate primary productivity, food web interactions, and
energy flow (e.g., Carpenter et al. 1998, Wallace et al. 1999, Pace
et aL 2004). Reservoirs (lakes formed through impoundment
of rivers by dam construction) are the dominant lake type in

North America at latitudes below 42° north, and are highly
subsidized ecosystems (Thornton 1990). Because they have
relatively large watersheds, reservoirs receive substantial
inputs of nutrients and detritus from streams that drain
terrestrial landscapes. Nutrient and detritus subsidies are
particularly large to reservoirs in agricultural landscapes,
where many eastern US reservoirs reside, because of the use
of fertilizers and high rates of soil erosion (Carpenter et a!.
1998). There is evidence that detritus subsidies are important
in these reservoir ecosystems. For example, reservoir tlsh
productivity often cannot be supported entirely by in-!ake
primary production but rather must be subsidized largely by
inputs of detritus (Adams et al. 1983).
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understanding and managing these important ecosystems.
In this article we synthesize evidence
showing that the food webs of reservoirs
in eastern North America are controlled by
the combined effects of subsidies from
watersheds and the activities of gizzard shad,
and explore how these interactions vary
vAxh ecosystem productivity. After a brief description of gizzard shad biology, we discuss
how watershed subsidies drive gizzard shad
abundance, how gizzard shad affect reservoir
ecosystems, and how these effects vary with
watershed subsidies (and hence ecosystem
productivity). We conclude by discussing
some explicit examples of feedbacks among
watersheds, gizzard shad, and reservoir
ecosystem function, and the implications
of these interactive effects for reservoir
management.

Biology of gizzard shad
Gizzard shad are members of the herring
family (Clupeidae). Although there are many
species of shad in the herring family, only the
gizzard shad relies on sediment detritus as
a food source. Gizzard shad are native to
Figure 1. Gizzard shad from Ohio reservoirs, (a) The large individual is an
eastern North America and are geographiadult, several years old. The intermediate-sized fish are juveniles just over 1 year cally widespread (figure 2), inhabiting natold, while the small individuals are young-of-year juveniles, a few months old.
ural lakes, rivers, and reservoirs.
Photograph: Russell Wright, Auburn University, (b) A larval gizzard shad.
Gizzard shad are omnivores, and their
Photograph: Alberto Pilati, Miami University.
diets vary with life history stage (figure 3).
Larvae (fish < approximately 20 millimeters [mm] in length)
Perhaps as a consequence of detritus subsidies, fish asare obligate zooplanktivores, consuming rotifers, copepods,
semblages of many reservoirs of eastern North America are
and cladocerans (Bremigan and Stein 1994, Miranda and
dominated by gizzard shad {Dorosoma cepedianum; figure 1),
Gu 1998). Young-of-year (YOY) juveniles (fish approximately
an omnivore that often consumes considerable amounts of
25 to 30 mm in length) develop morphological features, indetritus. This species can strongly affect many components
cluding a subterminal mouth, muscular gizzard, and elongated
of aquatic ecosystems, including other fish species, zoointestinal tract that allow them to feed on sediment detritus,
plankton, phytoplankton, and nutrients {Drenner et al. 1986,
an abundant but nutritionally poor food source (Mundahl and
1996, DeVries and Stein 1992, Stein et al. 1995, Schaus et al.
Wissing 1987). The feeding mode of gizzard shad also changes
1997, Schaus and Vanni 2000, Watson et al. 2003). The notion
at this time. Whereas larvae visually feed on individual prey
that gizzard shad can regulate reservoir ecosystems has imitems, juveniles and adults are pump-fiiter feeders; in this latportant implications for the stewardship of these ecosyster mode they can essentially vacuum-filter organic matter
tems. Because gizzard shad can depress the abundance of
fi-om sediments (Drenner et al. 1984). Thus, as YOY gizzard
economically important sportfishin some instances, their imshad become juveniles, their diets can broaden from zoopacts have implications torfisheriesmanagement (Stein et ai.
plankton to detritus as well, with the actual diets of postlar1995). Furthermore, because gizzard shad often promote
val gizzard shad depending somewhat on the relative
growth of phytoplankton via both nutrient cycling and trophic
abundance of potential foods. V\^en large zooplankton such
interactions (Schaus et al. 1997, Schaus and Vanni 2000, Aday
as Daphnici are available, gizzard shad may consume considet al. 2003), they may negatively affect water quality. Gizzard
erable amounts of zooplankton throughout their entire lives.
shad abundance seems to be greatly subsidized by delivery of
However, in many ecosystems and especially in reservoirs, diallochthonous materials from watersheds, so this species may
ets
ot juvenile and adult gizzard shad consist nearly entirely
serve as a critical link between surrounding landscapes and
of
sediment
detritus (Mundahl and Wissing 1987, Schaus et
reservoir tbod webs. Thus, we argue here that a landscape peral.
2002).
Because
of the higher caloric and nutrient content
spective is necessary for elucidating the causes and conseof
zooplankton,
it
is presumed that gizzard shad will benefit
quences of gizzard shad dominance in reservoirs, and thus for
156 BioScience • February 2005 / Vol. 55 No. 2
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from zooplankton availability. However,
the negative effects of a lack of zooplanktivory may be somewhat buffered by
gizzard shad's ability to selectively feed
on relatively high-quality detritus
(Mundahi and Wissing 1987), although
the behavioral or morphological means by
which they do so is not clear. Reliance on
sediment detritus is a relatively unusual
habit amongfreshwatertemperatefish,although it is fairly common among freshwater tropical fish (Lowe-McConnel!
1987).

Percentage

As is typical of clupeids, gizzard shad
are highly fecund, a trait that undoubtedly
contributes to their ability to establish
and increase rapidly in newly colonized
habitats (Stein et al. 1995). Studies in AlGizzard shad range
abama, Ohio, and Missouri reservoirs,
and natural lakes in Florida, reveal that Figure 2. Native range ofgizzard shad (left) and the distribution of reservoirs and
gizzard shad abundance increases strongly natural lakes in the United States (right). Throughout most of the gizzard shad
with ecosystem productivity, more so than range, reservoirs outnumber natural lakes. The shad range map was modified
that of other fish species (Bachmann et al. from Page and Burr (199!), and data on reservoir and natural lake distributions
1996,DiGenzoetal. l996,Michaletz 1997. were derived from Thornton (1990).
Bremigan and Stein 2001). Gizzard shad
are scarce in unproductive (oligotrophic) ecosystems, combecause each life-history stage (larva,juvenile,and adult) of gizmon in moderately productive (mesotrophic) ecosystems, and
zard shad will be affected differently by watershed subsidies.
very abundant under highly productive (eutrophic and hypereutrophic) conditions. In highly productive systems, they
Watershed land use and productivity. Reservoirs of eastern
are often the most abundantfishin terms of biomass (Miranda
North America reside in watersheds that span a gradient of
1983, Bachmann et al. 1996). Identifying the mechanisms reland use. This is iUustrated by our study reser\'oirs and watersponsible for gizzard shad dominance is crucial, for these
sheds in Ohio, which lie along a gradient from forestmechanisms underlie the variable effects of shad on reservoir
dominated to agriculture-dominated land use (figure 4).
ecosystems.
Across these reservoirs, indicators of ecosystem productivity
Omnivory or facultative detritivory, high fecundity, and
rapid growth rates that allow YOY gizzard shad to escape predation by gape-limited piscivorcs may help explain why gizzard shad become so abundant in some ecosystems (Stein et
al. 1995). In the following section we discuss mechanisms that
may explain why life-history characteristics of gizzard shad
(e.g., facultative detritivory, high fecundity, and rapid growth
rates) and watershed features (e.g., land use and watershed
size) together allow gizzard shad abundance to increase so
strongly with ecosystem productivity.

Gizzard shad dominance in relation to watershed
subsidies and reservoir productivity
Why are reservoir fish assemblages increasingly dominated by
gizzard shad as productivity increases? Most likely, the answer
to this question lies in the linkages among various aspects of
reservoir productivity (which are ultimately driven by watershed subsidies) and gizzard shad life-history characteristics.
In particular, gizzard shad are probably affected by the timing, amount, and composition of nutrient and detritus subsidies, all of which vary to some extent with watershed
characteristics. These watershed infiuences are complex.

(e.g., total phosphorus concentration, phytoplankton biomass
and production) are correlated with the extent of agricultural
land use in their watersheds (figure 5a, 5b, 5c). More specifically, land use appears to set an upper bound to productivity, below which there is considerable variation (figure 5a, 5b,
5c); other factors, such as the type of agriculture (e.g., crops
versus animal production) and thesizeof the watershed relative to reservoir volume, also may influence productivity
(Knoll etal. 2003).
Response of detritivorous life stages to watershed subsidies. Detritivorous gizzard shad (juveniles and adults) may
respond directly to watershed inputs of particulate allochthonous detritus that are not available to traditional
pelagic food web pathways {i.e., pathways through primary
producers). Incoming detritus particles quickly settle out,
and so their nutrients generally are not available to phytoplankton. Rather, these particulate nutrients become part of
the detritus pool in reservoir sediments, where they can serve
as food for juvenile and adult gizzard shad. An additional
detrital source results from phytoplankton that sink to the
reservoir sediments without being consumed by zooplankFebruary 2005 / Vol. 55 No. 2 • BioScience 157
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Figure 3. Gizzard shad link watersheds and the pelagic grazing food chain in reservoirs. The watershed is the
ultimate regulator of reservoir food webs by providing nutrients directly to phytoplankton and detritus that
subsidizes gizzard shad populations; sedimentation of phytoplankton also provides a detrital resource for gizzard shad. These fluxes of materials across ecosystem or habitat boundaries are indicated by white arrows.
Gizzard shad juveniles and adults provide nutrients to phytoplankton through nutrient translocation (green
arrows), thereby further stimulating primary production. Gizzard shad larvae and juveniles function as zooplanktivores, thereby reducing resources for other zooplanktivorous fish, and serve as prey for piscivorous fish.
These and other feeding relationships are represented by black arrows. Organisms and ecosystems are not
drawn to scale. Abbreviations: GS, gizzard shad; N, nitrogen; P, phosphorus.
ton herbivores; this flux can represent a substantial fraction
of primary production. Because phytoplankton production
increases with watershed inputs of dissolved nutrients, both
the input of allochthonous particulate detritus and the flux
of phytoplankton to the sediment detritus pool increase
when watersheds are converted to agriculture (figure 3). It is
not known to what extent gizzard shad abundance is subsidized by direct allochthonous inputs of detritus versus increased phytodetritus production, but the carbon-to-nitrogen
ratios of detritus consumed by gizzard shad surest that at least
some material is derived from terrestrial sources (Mundahl
and Wissing 1987). Whether they assimilate mainly allochthonous or autochthonous material, reliance on detritus
gives gizzard shad a potentially large advantage over other
fishes, because few other species can utilize this tood resource. Thus, increased detrital production can provide a
food subsidy for adult and juvenile gizzard shad, thereby increasing survival (via reduced starvation risk), promoting
high fecundity, and ultimately resulting in high population
density. Data from Ohio reservoirs support this scenario; the
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number and biomass of juvenile and adult gizzard shad increases with the extent of agriculture in watersheds (figure 5e,
5f).
Response of zooplanktivorous life stages to watershed subsidies. In contrast to detritivorous life stages, larval gizzard shad
(and zooplanktivorous juveniles) may respond primarily to
inputs of dissolved inorganic nutrients, which stimulate
planktonic production (figure 3). Both the production of
larvae (hatch) and the survival of larval gizzard shad increase
with reservoir productivity (figure 5g, 5h, 5i). In relatively lowproductivity Ohio reservoirs, low hatch abundance limits
recruitment. Thus, even if larval survival is unusually high,
relatively tew juveniles are produced because so few larvae are
born (Bremigan and Stein 2001). In contrast, hatch rates are
consistently high in very productive reservoirs, and variable
survival of larval gizzard shad appears to drive variation in
year-class strength. Higher hatch rates in productive reservoirs
are most likely due to the presence of a greater number of
spawning adults, but higher adult fecundity or egg quality also

Articles
may contribute. Growth rate of individual YOY gizzard shad does not clearly
correlate with reservoir productivity across
mesotrophic to hypereutrophic conditions (DiCenzo et al. 1996, Michaletz
1997), although in at least some years,
YOY gizzard shad in hypereutrophic reservoirs grow to a larger size than those in eutrophic reservoirs (Bremigan and Stein
1999). Rapid growth may enhance firstyear survival of gizzard shad by decreasing their predation risk to gape-limited
piscivores such as bass (predation risk
may also be lower in highly productive,
turbid reservoirs because of decreased
detection by visual predators; see below}.
The positive relationship between
reservoir productivity and larval gizzard
shad success is probably mediated by
zooplankton abundance, production, and
community or size structure. Increased
phytoplankton production may enhance
zooplankton production, and this may
benefit zooplanktivorous larval gizzard
shad. In general, the abundance of small
zooplankton increases with increasing
productivity (Bunnell et al. 2003), indicating that highly productive systems
may support greater larval survival, and
hence the formation of strong year classes.

Study watersheds
Acton
Alum Creek
Berlin
BurrOsh
Caesar Crwak
Delaware
Knox
LaDue
PIvdmont
10. Pleasant Kill
11. Stonelick
12. Tappan

Forest
Agriculture
Developed
Water
Wetland
Barren

Figure 4. Land-use map of Ohio and locations of study watersheds and reservoirs.
Agricultural land includes that used for animal operations as well as crops, but the
bulk of agricultural land is characterized by intensive row-crop agriculture (i.e.,
corn and soybeans). Developed land includes urban and suburban areas. Thick
black lines delineate watershed boundaries, while study reservoirs are represented
by blue areas within watersheds. Note that watersheds are very large in area relative to reservoir surface areas, and that study watersheds represent a gradient of
land use from forest to agriculture.

Experiments and field data document that both abundance
and size composition of zooplankton play a roie in determining larval gizzard shad success. In particular, rotifers are
an important prey item for larvae less than 10 mm long, but
can also be consumed in high proportions by larger larvae
(Miranda and Gu 1998). For larvae more than 10 mm long,
high densities of copepod nauplii and other small zooplankton (< 0.4 mm) promote larval gizzard shad foraging
successand survival (Bremigan and Stein 1994,1999,2001).
Because larval gizzard shad have small gapes, they can utilize small zooplankton better than other fish species. In
Ohio reservoirs, the biomass of rotifers increases with productivity (i.e., agriculture in watershed), while that of larger
taxa such as cladocerans and copepods decreases (figure
5d). Thus, highly productive systems may favor success of larval gizzard shad over larvae of other species (Bremigan and
Stein 1994).
However, temporal variability in zooplankton assemblages
at several scales complicates the relationship between reservoir productivity and larval survival. For example, in Ohio
reservoirs, biomass of crustacean zooplankton less than 0.4
mm in length appears to increase with reservoir productivity in some years, but not in others (Bremigan and Stein
1999,2001). Further, because newly hatched larval gizzard shad
are quite vulnerable to starvation, their survival appears to be
strongly influenced by week-to-wcek variation in the pro-

duction of small zooplankton during the 4- to 6-week period
when most larval gizzard shad hatch (Bremigan and Stein
1999). Thus, understanding why the abundance, size structure, and species composition of zooplankton vary across
reservoirs and over time is important for predicting larval gizzard shad success.
Interactions among watershed subsidies, reservoir features,
and gizzard shad life history. Watershed and reserwir features
can ultimately drive the population dynamics of gizzard shad
by mediating the timing and availability of nutrient and detritus inputs. At broad spatial scales, the magnitudes of nutrient and detritus subsidies depend on land use (e. g., the
extent of urbanization or agriculture; figure 5), geology, precipitation, and the size of the watershed (Puckett 1995). At
finer scales, subsidy magnitudes are also a function of subwatershed sizes, slope, spatial patterns of land use, and the extent and integrity of riparian zones (Osborne and Wiley
1988, Soranno et al. 1996). The proportions of nutrients exported in particulate and dissolved forms also differ among
watersheds, and this may determine which life stages of gizzard shad are affected by watershed sub.sidies. For example,
agricultural watersheds export greater quantities of particulate matter than do forested and urban watersheds, perhaps
promoting the success of detritivorous life stages of gizzard
shad that can consume these particles.
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Spatial features of reservoirs are also likely to be important
in determining gizzard shad dominance. Reservoirs with extensive well-oxygenated, shallow areas should support the
ou-
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Figure 5. Correlations between watershed land use, productivity indicators, and
gizzard shad abundance in Ohio reservoirs. Relationships between the percentage
of watershed land area comprising agriculture and (a) phytoplankton biomass
(chlorophyll a), (b) primary production of phytoplankton, and (c) total phosphorus concentration were derived from Knoll and colleagues (2003) and represent
data collected 1998-2000 from the 12 reservoirs shown in figure 4. Each point represents a lake-year mean (some reservoirs were sampled multiple years). Open
symbols represent three intensively sampled reservoirs (Acton, Burr Oak, and
Pleasant Hill), (d) The relationship between the percentage of agriculture in the
watershed and the biomass of the three major zooplankton groups was derived
from data collected 1998-2000 from the three intensively sampled reservoirs (Acton, Burr Oak, and Pleasant Hill). Each point represents a mean (± standard error
[SE]) of all sample dates, (e) The relationship between the percentage of agriculture in the watershed and inshore adult and juvenile (i.e., nonlarval) gizzard shad
biomass was quantified in the three intensively sampled reservoirs (Acton, Burr
Oak, and Pleasant Hill) using the quadrat rotenone technique described by Schaus
and colleagues (1997). Each data point represents a mean (± SE) of five quadrats
sampled within a one-week period in late summer 1998 or 1999. (f) The relationship between the percentage of agriculture in the watershed and the relative abundance (catch per unit effort, or GPUE) of adult and juvenile (i.e., nonlarval)
gizzard shad was derived from 1998 and 1999 data from the same 12 reservoirs.
Data were obtained by electrofishing for a standardized time period in several
habitats in each lake. Each point represents a lake-year mean (some reservoirs
were sampled multiple years). Open symbols represent three intensively sampled
reservoirs (Acton, Burr Oak, and Pleasant Hill). The relationship between the total
phosphorus in the epHimnion of reservoirs (an indicator of productivity) and (g)
gizzard shad larval hatch, (h) larval survivors (larvae surviving to 15 mm total
length), and (i) larval survival rate in 12 Ohio reservoirs was derived from Bremigan and Stein (2001). Note that some of these reservoirs are different from those
represented in panels a-c andf Specifically, panels g-i share six reservoirs in common with panels a-c andf Open symbols represent two of the intensively sampled
reservoirs (Burr Oak and Pleasant Hill).
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Impacts of gizzard shad on reservoir ecosystems along a gradient
of productivity
Gizzard shad can strongly influence various components of reservoir ecosystems, including nutrients, phytoplankton,
zooplankton, and fish. In this section we
discuss these effects and explore how
they may vary with overall reservoir productivity.
Gizzard shad effects on nutrients and
phytoplankton. Gizzard shad translocate
nutrients from benthic to pelagic habitats
by ingesting particulate nutrients in sediment detritus and excreting some of
these nutrients into the water column in
dissolved inorganic forms (figure 3;
Schaus et al. 1997, Schaus and Vanni
2000. Vanni and Headworth 2004). Nutrient translocation can directly increase
phytoplankton biomass and thus contribute to algal blooms and eutrophication.
Nutrient translocation by gizzard shad
can be a substantial source of nutrients
even in productive reservoirs receiving
large quantities of dissolved inorganic
nutrients from agricultural watersheds
(Schaus et al. 1997, Vanni et ai. 2001).
Within a lake, the relative importance of
nutrient translocation by gizzard shad
varies temporally, depending both on
annual differences in shad abundance

Articles
and on seasonal variation in precipitation, which drives allochthonous nutrient
inputs by controlling surface runoff to
streams (Vanni et al. 2001, Schaus et al.
2002). In Acton Lake, a highly productive
reservoir with abundant gizzard shad and
an agriculture-dominated watershed, gizzard shad provide more dissolved inorganic phosphorus to the water column
than does the entire watershed when
streams are at or near baseflow conditions; however, during storms, nutrient inputs from the watershed can be orders
of magnitude above those provided by
gizzard shad (figure 6a). Thus, within a
single reservoir, the relative importance of
gizzard shad in providing available nutrients (compared to the watershed) depends on the relative frequency of storms,
as well as gizzard shad abundance. Among
reservoirs, the watershed features discussed above, such as land use, geology,
and spatial patterns, also will mediate the
relative importance of gizzard shad and
watersheds as nutrient sources.
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Figure 6. Effects of gizzard shad on various reservoir ecosystem components.
(a) Inputs of soluble reactive phosphorus (P, per liter of take water) from the entire
watershed, and inputs via nutrient translocation by the gizzard shad population
As omnivores, gizzard shad sometimes in Acton Lake. 1994 was a dry year with low runoff and very high gizzard shad
consume phytoplankton, but several ex- biomass; 1996 was a wet year with high runoff and very low gizzard shad biomass.
perimental studies demonstrate en- Data are derived from Schaus and colleagues (1997, 2002) and Vanni and colhancement of total phytoplankton leagues (2001). Spikes ofP input from the watershed represent individual storms.
biomass by gizzard shad (Drenner et al.
During most storms, the watershed greatly exceeds the gizzard shad population as
1986,1996, Schaus and Viinni 2000, Wata P source (note log scale); between storms, gizzard shad provide more P than the
son et al. 2003). In addition, a recent comparison of 20 Illinois reservoirs showed watershed, (b) Effects of gizzard shad on phytoplankton biomass (chlorophyll a,
that phytoplankton biomass was approx- mean + standard error) in an enclosure experiment in Acton Lake conducted in
1994, modified from Schaus and Vanni (2000). Half the enclosures contained
imately 1.7 times higher in reservoirs with
gizzard shad than in those without gizzard screens that prevented shad jrom feeding on sediments, while half did not have
shad (Aday et al. 2003). Enhancement of screens, allowing shad access to sediments. Shad stimulated phytoplankton biophytoplankton by gizzard shad can occur mass only when they had access to sediments, suggesting that their effects were due
via a trophic cascade (i.e., relaxation of to nutrient translocation and not a trophic cascade, (c) Relationship between peak
herbivory via depression of zooplankton larval gizzard shad densities and inshore juvenile bluegill densities (as estimated
biomass; Carpenter et al. 1985), nutrient by seining catch per unit effort) in Ohio reservoirs. Data derive from 4 Ohio resertranslocation, or both. An experiment in
voirs during 1987 through 1994 and an additional 10 reservoirs during 1998.
Acton Lake showed that enhancement of
Bluegilt abundance reflects individuals that had interacted with shad as larvae in
phytoplankton by gizzard shad occurred
only when shad fed on sediments (figure the open water during spring. Below a threshold of 10 shad per cubic meter,
6b), strongly suggesting that the stimula- bluegill densities vary widely and independently of shad. Above this threshold,
tory effects on phytoplankton were me- bluegill densities are consistently low, suggesting that bluegill are negatively afdiated via nutrient translocation (Schaus fected by competition as larvae, and potentially by other abiotic factors that coand Vanni 2000). However, other enclo- vary positively with shad, (d) Correlation between the proportion ofage-0
sure studies, without sediments present, largemouth bass (LMB) that are piscivorous and mean LMB growth rate during
reveal enhanced phytoplankton biomass summer 1998 in 11 Ohio reservoirs. Size of symbols represents the relative peak
in conjunction with depression of zoo- density of gizzard shad larvae in each system. Growth rates of LMB were estimated
plankton biomass by shad (Drenner et by using otoliths to determine age in days. Piscivory was positively correlated with
al. 1986,1996, Watson et al. 2003). Thus,
LMB growth (r - 0.47), suggesting that growth is enhanced by the bass's ability to
the positive effects of gizzard shad on
consume fish. The lowest growth rates and degree of piscivory occurred in lakes
phytoplankton may occur through
with the highest shad densities.
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nutrient translocation and trophic cascades, and seem to
outweigh their potential negative effects through direct consumption of phytoplankton.
Gizzard shad excrete nutrients at a low nitrogen-tophosphorus (N:P) ratio {Schaus et al. 1997}, especially in
comparison with the ratio at which nutrients are delivered
from agricultural watersheds (Vanni et al. 2001). Excretion by
shad could promote dominance of cyanobacteria (blue-green
algae), which thrive at low N:P ratios. However, although
several experiments reveal that gizzard shad stimulate
cyanobacteria, in general the relative enhancement of
cyanobacteria is not greater than that of other phytoplankton groups (Drenner et al 1986, Schaus and Vanni 2000).
How might the importance and consequences of nutrient
translocation by gizzard shad vary with reservoir productivity? Nutrient flux through gizzard shad should increase with
reservoir productivity simply because gizzard shad abundance increases greatly along this gradient. However, productive reservoirs also receive greater nutrient inputs (per
reservoir area) from their watersheds than do unproductive
reservoirs. Therefore, it is not immediately clear how the relative importance of nutrient translocation by gizzard shad (i.e.,
versus the importance of allochthonous nutrient input) varies
along the productivity gradient. A model developed by Vanni
and Headworth (2004) predicts that the proportion of total
phytoplankton production supported by nutrient translocation by gizzard shad increases with reservoir productivity. This
suggests that, even though nutrient inputs from watersheds
increase with increasing agriculture, the nutrient translocation effects of gizzard shad increase relatively more. This prediction is currently being tested in Ohio reservoirs.

effects of gizzard shad on zooplankton has focused on crustaceans. Effects of shad on rotifers are less studied, even
though they are often the dominant zooplankton group in
terms of species richness and abundance in productive reservoirs (Pollard et al. 1998, Bunnell et al. 2003). Gizzard shad
larvae prey heavily on rotifers and copepods (Miranda and
Gu 1998), and copepods can be an important predator of rotifers (Williamson 1980). Thus, gizzard shad larvae can affect
rotifer assemblages via direct and indirect pathways, but predicting such effects may be difficult because of this intraguild
predation {sensu Polis et al. 1989) and because effects are
likely to vary with ecosystem productivity.
Gizzard shad effects on planktivorous fish. Almost all fish

species have larval stages that consume zooplankton, and by
depressing the abundance of zooplankton, gizzard shad can
reduce the growth and survival of these fish (DeVries and Stein
1992). In Ohio reservoirs, larval gizzard shad and juvenile
bluegill abundances are negatively correlated (figure 6c). Effects of gizzard shad on planktivorous fish may be mediated
by the degree of interspecific temporal overlap in spawning;
if gizzard shad larvae hatch early, they may depress zooplankton densities before larvae of other fish species appear.
For example, in a mesocosm experiment, YOY gizzard shad
reduced growth of larval bluegill only when shad were stocked
relatively early (Garvey and Stein 1998a). The factors influencing the relative timing of appearance of YOY gizzard shad
versus other species are not well understood, but probably depend on complex relationships among reservoir temperature,
inputs of water from watersheds, and adult condition. Ultimately, all of these foctors are regulated by watershed-scale
processes.

Gizzard shad effects on zooplankton. Experimental and
empirical studies demonstrate that larval, juvenile, and
adult gizzard shad can deplete zooplankton biomass, especially that of crustaceans (DeVries and Stein 1992, Dettmers
and Stein 1996). Given that gizzard shad abundance increases with productivity, the total consumptive demand by
gizzard shad should also increase with productivity. However, the extent to which zoopUinkton can persist should also
depend on zooplankton production. For example, zooplankton persistence in the face of predation by juvenile gizzard shad was positively related to zooplankton production
in experimental enclosures (Dettmers and Stein 1996).
Therefore, if zooplankton production increases with reservoir productivity, highly productive reservoirs may be
bufifered to some degree from negative effects of shad on zooplankton (Dettmers and Stein 1996). Contrary to these expectations, Bremigan and Stein (2001) found no pattern
relating crustacean zooplankton production to reservoir
productivity. In addition, Drenner and colleagues (1996)
found that an equal biomass of gizzard shad had greater effects on zooplankton biomass under high-productivity conditions than under low productivity.

Gizzard shad effects on piscivorous fish. Gizzard shad can affect piscivorousfishin several ways. As mentioned above, competition with gizzard shad for zooplankton can lead to poor
recruitment of zooplanktivorousfishspecies. This can reduce
the growth of YOY stages of piscivorous fish (e.g., largemouth bass), which prey on these small zooplanktivorous fish
(Garvey and Stein 1998b, Garvey etal. 1998). In addition, gizzard shad can have direct negative effects on piscivores. YOY
gizzard shad can grow quite rapidly in highly productive
reservoirs, perhaps because of their ability to utilize detritus.
Rapid growth of YOY gizzard shad reduces their vulnerability to predation by gape-limited YOY largemouth bass, so YOY
bass often grow slowly when gizzard shad dominate (e.g., Garvey and Stein 1998b), thereby reducing bass survival over their
first winter (Garvey et al. 1998). In Ohio reservoirs, growth
of largemouth bass tended to be lower in systems with abundant gizzard shad, where bass were less likely to be piscivorous (figure 6d). Thus by suppressing the abundance of
zooplanktivorous fish and by rapidly growing to a size invulnerable to YOY bass, gizzard shad may reduce recruitment of this top predator.

Effects of giz/ard shad larvae on zooplankton species composition are not well understood. Experimental work on the

However, not all effects of gizzard shad on piscivores are
negative. In some cases gizzard shad provide valuable forage
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for piscivores. In fact, gizzard shad historically have been
stocked in lakes and reservoirs to provide supplemental prey
or predatory buffer for sportfish (e.g., largemouth bass, crappie, and bluegiil), a practice that has yielded positive, equivocal, and negative results (DeVries and Stein 1990). In some
cases, adult predatory fish consume gizzard shad and grow
rapidly (Michaletz 1997). Similarly, in nine Alabama reservoirs
ranging from mesotrophic to eutrophic, YOY largemouth
bass abundance and growth increased with productivity as
YOY gizziird shad abundance increased. In these reservoirs,
YOY gizzard shad remained vulnerable to YOY bass throughout much of the summer (Allen et al. 1999).
Overall, the impact of YOY gizzard shad on YOY bass
varies as a function of several potentially important factors,
including the growth rates of YOY shad and the temporal and
spatial overlap between shad and bass. We hypothesize that
increases in gizzard shad abundance and density-dependent
reductions in shad growth occur as productivity increases from
moderate (mesotrophic) to high (eutrophic), such that YOY
bass growth should increase across this range as well (Allen
etal. 1999). However, in the most highly productive (hypereutrophic) systems, YOY gizzard shad grow rapidly, at least
in some years, despite their high abundance. High growth rates
in these hypereutrophic systems should lead to neutral or negative effects of gizzard shad on bass. In addition, variability
in the effects of YOY giz^,ard shad on YOY bass should be greatest in highly productive reservoirs, owing to high variability
in YOY shad growth rates and duration of spawning in these
systems. Further, an example from five Ohio reservoirs during 3 years demonstrates the importance of spatial and temporal overlap between YOY shad and bass. In this study,
gizzard shad served as important prey tor YOY largemouth
bass during only a single year (Garvey et al. 2000). During that
year, this effect occurred in four of thefivereservoirs. Although
not well understood, regional-scale climatic patterns (e.g., low
precipitation and warm temperatures) affecting all of these
systems similarly during spring probably allowed largemouth
bass to hatch relatively early and consume gizzard shad before shad outgrew their size-dependent vulnerability (Garvey
et al. 2000). Because the switch to piscivory depends on variable timing that is affected by both regional (e.g., climate) and
local (e.g., watershed size) scale processes,first-yeargrowth
of largemouth bass varies tremendously both among systems and years (Garvey et al. 1998, 2000).

Scale-dependent feedbacks among watersheds,
gizzard shad, and reservoir food webs
Feedbacks among gizzard shad life history, reservoirs, and
watersheds most likely operate at various temporal and spatial scales, infiuencing the degree of gizzard shad dominance
in reservoir ecosystems. Here we discuss some of these feedbacks and their potential role along the reservoir productivity gradient.
Gizzard shad population resilience: Feedbacks involving
density-dependent diets and growth. Features of gizzard shad

life history can elicit density-dependent feedbacks that facilitate population recovery following year-class failures. For example, gizzard shad biomass declined over an order of
magnitude from 1994 to 1996 in Acton Lake following a
couple of poor year classes (Schaus et al. 2002). When shad
biomass declined in early summer 1996, Daphnia became
abundant, and adult and juvenile gizzard shad consumed
more zooplankton than usual. Given this nutritionally rich
food source (compared to detritus), YOY gizzard shad grew
more than twice as rapidly as detritivorous YOY fish from
other years (Schaus et al. 2002). This rapid growth quickly restored shad biomass, and also apparently caused Daphnia to
decline to their usual low densities, at which point shad once
again became almost entirely detritivorous. In addition, some
shad born in 1996 reproduced in 1997 at age 1, which is earlier than usual. These density-dependent feedbacks increase
the chance that gizzard shad will dominate fish biomass,
even with periodic declines in reproduction and recruitment—especially in highly productive habitats.
Gizzard shad and watersheds as sources of nutrients: Scaledependent feedbacks. The relative importance of gizzard
shad and watersheds as nutrient sources varies with temporal scale, and involves a feedback between watershed degradation and shad biomass. The massive amounts of nutrients
delivered in a single large storm can render nutrient transport
by gizzard shad irrelevant for a period of a few days to a
week (figure 6a). At longer time scales, however, increased inputs of nutrients and detritus from watersheds (e.g., resulting from increased watershed agriculture) will increase gizzard
shad biomass, which will ultimately increase the rate at which
gizzard shad provide nutrients to phytoplankton. Thus, watershed subsidies and gizzard shad may synergistically regulate reservoir productivity over long time scales (Vanni and
Headworth 2004).
Feedbacks between turindity, zooplankton population dynamics, and gizzard shad feeding behavior The large iiiput of sed

iments delivered by agricultural watersheds not only provides
a potential food source for postlarval gizzard shad, but also
increases water column turbidity and hence reduces light
intensity. This may select against fish species that rely on vision for feeding. Thus, inorganic turbidity should favor dominance of gizzard shad, because the ability of visual predators
to capture gizzard shad may be reduced at high turbidity, and
because shad can consume sediment detritus without relying
on vision. In addition, because high concentrations of suspended sediments interfere with the feeding of large zooplankton species, such as Daphnia. but not of smaller taxa such
as rotifers, high sediment input from the watershed may
promote dominance of small zooplankton (Kirk and Gilbert
1990). Dominance of small, selectively feeding zooplankton
may also be favored by cyanobacteria-dominated phytoplankton assemblages (Gilbert 1990), which tend to occur
more frequently in productive lakes. Thus, degradation of
watersheds toward an agricultural landscape, by increasing
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ton and suspended sedinient and low
abundance of vascular plants, which bePiscivorous fish
come light limited under turbid condiPiscivorous fish
tions (Scheffer and Carpenter 2003). A
\
lake can switch abruptly between states, as
fish
Gizzard shad ^ Planktivofous fish
Gizzard shad
a result of both external and internal forcing functions, including fish population
Zooptankton
Zooplankton
dynamics (Scheffer et al. 2003). For example, omnivorous fish such as gizzard
shad
can help keep lakes in a turbid state
Phytoplankton
Phytoplankton
because they facilitate phytoplankton productivity (via nutrient translocation and
Sediment
Sediment
Dissolved
trophic cascades) and because their biodetritiis
nutrients
detritus
turbation of sediments may increase the
likelihood that sediments are resuspended
by wind (Scheffer et al. 2003). Thus, interactive effects of watersheds (via proviWatershed subsidies
Watershed subsidies
sion of nutrients and sediment) and
Reservoirs characterized by
Reservoirs characterized by
gizzard shad may determine the proba• Low sediment input
• High sediment input
bility of whether a reservoir exists in a
• Low phytoplankton biomass
• High phytoplankton biomass
clear or turbid state. However, because
• Low sport-fish abundance
• High sport-fish abundance
many reservoirs in Midwestern agricultural landscapes have such high turbidity,
Figure 7. Food-web interactions in reservoirs in forest-dominated and agriculture- it is possible that even large reductions in
gizzard shad abundance will not induce a
dominated watersheds (modified from Power et al. 2004). Forested watersheds
clear state in these systems.
have small nutrient and detritus subsidies from watersheds, leading to low abunForested watersheds

Agricultural watersheds

dance of phytoplankton and gizzard shad. Planktivorous fish thrive because of low
shad abundance, leading to healthy populations of piscivorous fish. In agriculturedominated watersheds, nutrient and detritus subsidies are large, which stimulates
productivity of phytoplankton and zooplankton, and provides increased detrital
resources for gizzard shad. Gizzard shad biomass is high, leading to high rates of
nutrient translocation from shad to phytoplankton. Dissolved nutrient (phosphorus) concentrations remain low because of phytoplankton uptake. High shad biomass leads to low abundance of planktivorous and piscivorousfish,because
predation by larval and juvenile gizzard shad keeps zooplankton biomass at low
levels, and because gizzard shad are not as vulnerable to piscivores as are planktivorousfish.Larger type and arrows indicate larger quantities and effects.
productivity and inorganic turbidity in reservoirs, favors
dominance of gizzard shiid and smaller zooplankton taxa.
Shifts toward small zooplankton can have at least two important feedbacks. First, the ability of gizzard shad to utilize
small zooplankton better than other fish species, and the reliance of larval gizzard shad on small zooplankton, should further promote gizzard shad dominance. Second, a small-bodied
zooplankton assemblage can resuh in low grazing pressure on
phytoplankton, increasing the chance that phytoplankton
biomass will increase in response to nutrient translocation by
gizzard shad (Schaus and Vanni 2000).
Feedbacks involving shifts between clear and turbid states.

Some lakes, especially shallow ones, have been found to exhibit two alternate stable states. A clear state may exist, with
!ow phytoplankton biomass and high biomass of vascular
plants, whicli thrive under clear conditions. Alternatively, a turbid state may exist, with high concentrations of phytoplank164 BioScience • February 2005 / Vol. 55 No. 2

What limits ^zzard shad abundance? The

positive feedbacks presented above paint
a picture of steadily increasing gizzard
shad abundance as watersheds become
degraded by agriculture. Thus, we must
ask the question. What limits gizzard shad
population size? Density dependence of
gizzard shad growth and reproduction
may play a role. DiCenzo and colleagues
(1996) and Schaus and colleagues (2002)
found that gizzard shad growth rates decreased when shad biomass was high, and other studies have
found that shad in productive reservoirs (where population
biomass is high) are dominated by smaller adults than those
in less productive reservoirs (with low population biomass).
Smali size may result in decreased reproduction, thereby stabilizing biomass. In addition, smaller size may render gizzard
shad more vulnerable to piscivores, thereby increasing the
chance that piscivores will limit gizzard shad abundance.
The occurrence of periodic mass mortality events due to
low temperatures and low oxygen (hypoxia) may also be important. Periods of hypoxia can occur under ice, or in summer if anoxic bottom waters mix with surface waters.
Winterkills of gizzard shad are common, especially near the
northern limit of their geographical distribution, and can be
caused by low temperature or hypoxia. Hypoxia is more
likely in highly productive lakes than in unproductive lakes
because high algal biomass provides more substrate for bacteria, resulting in more oxygen depletion. Because gizzard shad
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can increase primary productivity, as discussed above, high
shad biomass may ultimately increase the probabihty of
hypoxia-induced mortality, thus setting in motion another
feedback process. After winter- or summerkill, gizzard shad
populations can typically rebound quickly for the reasons described above. The increased chances of winterkill and summerkill in productive reservoirs, along with the rapid recovery
of shad populations following die-offs, suggest that interannual variability in shad recruitment and abundance should
be highest in productive reservoirs.
Management implications
The interactions between watersheds and gizzard shad suggest that management offisheriesand water quality of reservoirs must proceed in tandem. Eutrophication remains the
most pervasive water-quality problem infreshwaterecosystems {Carpenter et al. 1998). We contend that successful prevention, control, or reversal of eutrophication in reservoirs of
eastern North America must consider both watershed inputs and gizzard shad abundance. The interactions between
watersheds and gizzard shad also imply that some effects of
watershed management may require relatively long time
scales to be effective, but may result in relatively large effects. Thus, if watershed management results in decreased
watershed subsidies to a productive reservoir, this may directly
reduce phytoplankton productivity in a relatively short time
period. Gizzard shad biomass should also decrease, but over
a longer time scale, because shad can persist on sediment detritus that has accumulated in earlier years. The effectiveness
of watershed management to reduce gizzard shad biomass
may depend on the ability to reduce particulate nutrients,
which may provide a delrilal resource for shad. If so, management agencies should promote methods that reduce soil
erosion from agricultural areas, such as conservation tillage
and preservation of riparian areas.
In reservoirs with high inputs of nutrients from the watershed, control of gizzard shad by stocked exotic predators
such as hybrid striped bass has been suggested as a management tool (Dettmers et al. 1996). If hybrid striped bass reduce
gizzard shad densities, Moplankton abundances should increase, thereby facilitating growth and survival of other zooplanktivorous prey fish for predators such as age-0 largemouth
bass. Because littoral largemouth bass and pelagic hybrid
striped bass probably do not overlap spatially, we expect little direct interaction between them, suggesting that introductions of these exotic predators should not directly
negatively affect native piscivores. Pond experiments showed
that hybrid striped bass can reduce gizzard shad densities, allowing zooplankton to increase to levels that support bluegill
recruitment (Dettmers et al. 1996}. However, field experiments, surveys, and modeling suggest that control of gizzard
shad by hybrid striped bass is limited to a relatively small subset of reservoirs in which stocking densities of hybrid striped
bass are high, larval gizzard shad densities are low, and zooplankton productivity is high (Dettmers and Stein 1996,
Dettmers et al. 1996). For example, only about 59^) of reser-

voirs in Ohio have this combination of characteristics
(Dettmers et al. 1998), and this percentage is likely to be
similar throughout the Midwestern United States. This greatly
limits this management tactic in this region.
Reducing watershed inputs of nutrients to highly eutrophic
reservoirs should favor economically important sportfish
species, such as bluegill and largemouth bass, as gizzard shad
biomass declines. Hence, traditional fishery management
agencies that have historically focused on system-specific
population dynamics of sport fish should begin to document watershed land use and form strong working relationships with land mjinagers to improve fishery performance. The
relationships among watersheds, gizzard shad population
dynamics, and sport-fish assemblages suggest that management of largemouth bass and other native species may well
be organized at tbe landscape (watershed) scale, which is
also an appropriate scale for managing water quality. Systems
receiving large nutrient inputs from watersheds may be candidates for stocking of exotic sportfish,such as hybrid striped
bass, while management of naturally reproducing, native
sportfishmay be more successfiil in reservoirs with watersheds
that yield lower levels of nutrients. Mechanisms underlying
sport-fish recruitment and population dynamics are certainly complex. However, as researchers explore mechanisms
across gradients of watershed land use and ecosystem productivity, generalities will continue to emerge, providing usefijl management insight.
Beyond reservoirs: The generality of
landscape-detritivore linkages
Because gizzard shad are widely distributed and abundant, interactive effects of watersheds and gizzard shad are probably
common, potentially affecting thousands of reservoir ecosystems across eastern North America. In these reservoirs, it
appears that no other fish species can play the same role as
gizzard shad. While a few other species consume detritus in
these ecosystems, none attains the abundance of gizzard
shad. Thus, it appears that gizzard shad are unique in their effects on reservoir ecosystems of eastern North America.
Are linkages between landscapes and detritivores or omnivores important in other ecosystems? Subsidies of detritivore populations through allochthonous inputs are apparently
very common in aquatic and terrestrial ecosystems, and in
some ecosystems subsidized detritivore populations can have
far-reaching effects on their resident food webs (Moore et al.
2004, Polis et al. 2004). Although there are few detritivorous
fish species in temperate fresh waters, there are numerous
other detritivorous taxa in these ecosystems. For example,
many stream invertebrates are largely subsidized by inputs of
terrestrial leaf litter, and they in turn directly or indirectly affect other stream organisms, such asfish,other invertebrates,
and algae (Wallace et al. 1999). Similarly, inputs of di.ssolved
detritus (organic matter) from forested watersheds can drive
food-web dynamics in northern temperate lakes (Face et al.
2004). In addition, detritivory is common among marine
fishes (especially in estuaries and coastal areas} and among
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tropical freshwater fishes. Interestingly, these ecosystems are
also characterized by large inputs of allochthonous detritus.
For example, floodplain lakes along large tropical rivers (the
most common type of lake in many tropical areas} receive large
inputs of sediment and other detritus from rivers, and support many species of detritivorous fish. Very little is known
about the impacts of these detritivores on their resident
ecosystems, but they are sufficiently abundant to be important food sources for local people (Lowe-McConnell 1987),
suggesting that they may strongly interact with other members of local food webs. Large, low-gradient rivers and estuaries are perhaps most similar to reservoirs; they have large
watersheds and receive pulses of nutrients and detritus in a
manner similar to that of reservoirs. More generally, it is
likely that detrital inputs have strong effects on many food
webs, including effects that propagate to the more wellstudied "green-world" (i.e., plant-herbivore-based} foodweb channels (Moore et al. 2004). However, in comparison
to our knowledge of top-down and bottom-up interactions
in green-world food webs, we know relatively little about the
dynamics of detritus and its impacts (Moore et al. 2004).
The interactive effects of watersheds and gizzard shad described here provide a fi-amework for understanding and
managing reservoir ecosystems. Although reservoirs are
unique in that detritivorous gizzard shad can dominate fish
biomass, the principles described here regarding interactive
effects of landscapes, detritus, and key species may be widespread and common in other ecosystem types. Thus, the
broad spatial framework afforded by a landscape perspective
may greatly increase our ability to understand how food
webs are regulated (Polis et al. 2004).
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